Protein kinase C (PKC) is a family of intracellular signal transduction enzymes, comprising isoforms that vary in sensitivity to calcium, arachidonic acid, and diacylglycerol. PKC isoforms ␣, ␥, and ␦ are expressed by cerebellar Purkinje cells and neurons in the cerebellar nuclei and vestibular nuclei of the Long-Evans rat. In control rats, these PKCs are distributed symmetrically in the flocculonodular-lobe Purkinje cells. Behavioral recovery from vestibular dysfunction produced by unilateral labyrinthectomy (UL) is accompanied by asymmetric expression of PKC isoforms in these regions within 6 hr after UL. These expression changes were localized within parasagittal regions of the flocculus and nodulus. The distribution of PKC␣, -␥, and -␦ were identical, suggesting that they are coregulated in cerebellar Purkinje cells during this early compensatory period. The pattern of Purkinje cell PKC expression returned to the control, symmetric distribution within 24 hr after UL. It is hypothesized that these regional changes in Purkinje cell PKC expression are an early intracellular signal contributing to vestibular compensation. In particular, regulation of PKC expression may contribute to changes in the efficacy of cerebellar synaptic plasticity during the acute post-UL period.
Acute vestibular dysfunction produces vertigo, postural asymmetry and instability, nystagmus, tonic eye deviation, and autonomic manifestations. The resolution of these signs over a period of days to weeks is termed vestibular compensation. In the rat, compensation proceeds in three stages: (1) a critical phase (initial 12 hr), characterized by ipsilateral head deviation, spontaneous nystagmus, contralateral limb extension, severe ataxia, and transient bouts of spontaneous circling or rolling; (2) an acute phase (12 hr to several days postinjury), characterized by resolution spontaneous motor signs; and (3) a compensated phase, characterized by a slight residual head tilt and occasional ataxic episodes (Llinas and Walton, 1979; Smith and Curthoys, 1989) .
Experimental studies implicate the vestibular nuclei, inferior olive and the cerebellar flocculonodular lobe, and posterior and anterior vermis in vestibular compensation (for review, see Llinas and Walton, 1979; Smith and Curthoys, 1989) . Previous studies indicate that unilateral labyrinthectomy (UL) in rats produces an immediate asymmetry in neural activity and 2-deoxyglucose (2-DG) uptake in the vestibular nuclei, which resolves within 1 week (Precht et al., 1966; Llinas and Walton, 1979; Patrickson et al., 1985; Luyten et al., 1986) . Further, c-fos expression is induced asymmetrically in the vestibular nuclei within 24 hr of UL in rats (Kaufman et al., 1992; Cirelli et al., 1993) . These studies also reported increased 2-DG uptake ipsilaterally and decreased uptake contralaterally in the nodulus within 4 hr of UL in rats (Llinas and Walton, 1979; Patrickson et al., 1985; Luyten et al., 1986) , which parallels induced c-fos mRNA expression (Cirelli et al., 1993) . An important functional role of these structures is supported by reports that lesions of the flocculonodular, posterior, and anterior lobes retard vestibular compensation (Jeannerod et al., 1981; Courjon et al., 1982; Igarashi and Ishikawa, 1985) , and that compensation is prevented by inferior olive ablation in rats (Llinas and Walton, 1979) . Because the inferior olive defines cerebellar circuitry units via projections to both Purkinje cells zones and targets of those zones in the cerebellar/ vestibular nuclei (Balaban, 1984 (Balaban, , 1988 Ito 1984) , it was hypothesized that altered expression of intracellular transduction proteins in specific zones may be a biochemical substrate for early stages of vestibular compensation.
There is little information regarding the role of intracellular signal transduction proteins in the cerebellum or vestibular nuclei during vestibular compensation. Previous studies have implicated a variety of neurotransmitter mechanisms in the process of vestibular compensation Igarashi et al., 1988; Smith, 1989, 1992; Darlington et al. 1991; Smith et al., 1991; Calza et al., 1992; Saika et al., 1993) . Although changes in c-fos expression (Kaufman et al., 1992; Cirelli et al., 1993) have been reported in the cerebellum during vestibular compensation, the roles of other intracellular signaling pathways have not been eludicated. This study focuses on changes in regional expression of protein kinase C (PKC), a family of intracellular signaling proteins implicated in responses to neurotransmitters, hormones, and growth factors. Recent evidence suggests a role of PKC in cerebellar long-term depression (Crepel and Krupa, 1988; Linden and Connor, 1995) . Because separate isoforms of PKC are affected differentially by calcium (Ca 2ϩ ), diacylglycerol, and arachidonic acid, PKC may form an important conduit between second-messenger pathways and cellular responses (Ono et al., 1988; Azizi et al., 1992; Ogita et al., 1992) . This study reports transient, region-specific changes in flocculonodular-lobe PKC expression during vestibular compensation.
MATERIALS AND METHODS

Surgical procedures for labyrinthectomies and sham operations.
Either UL or sham operations were performed on 250 -350 gm male Long-Evans rats (Charles River Laboratories, Wilmington, MA), with paired sets of sham and control operations performed on the same day. Rats were anesthetized with Innovar-Vet (fentanyl and droperidol, 1 ml/kg, i.m.). The bulla was exposed on one side by blunt dissection via a skin incision near the angle of the mandible, and a pediatric otic speculum was placed over the bone to maintain retraction of soft tissues. The ventral surface of the bulla was removed with a fine dental burr and microrongeurs to expose the middle ear cavity. In the UL group, the base of the cochlea was opened with a dental burr and small picks to expose the vestibule and the otolith organs, and semicircular canal cristae were ablated with a curette and aspiration. This procedure ablates the neuroepithelium, without involvement of the ossicular chain, tympanic membrane, internal acoustic canal, cochlear nerve, facial nerve, or Scarpa's ganglion (Fig. 1 ). For the sham operations, the bony labyrinth was touched with either a fine burr or a small curette. The bulla was sealed with Gelfoam, and the wound was closed with sutures. Anesthesia was then reversed by administration of the opiate antagonist naloxone (0.4 mg/kg, i.m.). The UL rats displayed nystagmus (contralaterally directed quick phases), contralateral limb extension, and torsion of the head toward the lesioned side within 5 min of naloxone injection. Long-axis rotation ("barrel rotation") was observed rarely within the early acute (1-2 hr) postoperative period. An additional group of five rats was used to characterize the time course of the decline in spontaneous nystagmus after UL. Spontaneous nystagmus was recorded on videotape with a CCD camera (DAGE CCD-72) through an operating microscope under normal room illumination at 1 hr intervals from 1 to 6 hr, and at 24 and 48 hr after the operation. Fast phases of spontaneous nystagmus were counted in 20 sec periods (3-5 periods/animal/sampling time). The results of least-squares regression analysis [Marquardt-Levenberg algorithm, using MATLAB (MathWorks, Inc.) function, leastsq.m] indicated that the rate of spontaneous nystagmus can be regarded as a simple exponential decay of form:
with a time constant () of 9 hr and magnitude parameter (A) of 40 beats/20 sec (r ϭ Ϫ0.89). This estimate is consistent with previous reports that describe the use of short-acting anesthetics in rats. For example, the mean data presented by Kitahara et al. (1995, their Fig. 1 ) from a study that used mechanical damage followed by a 100% ethanol injection in the labyrinth, show a time constant of 17 hr and a magnitude parameter of 28 beats/15 sec.
Western immunoblots. Six rats were used for each operative and survival time group for Western blot studies. After a survival time of 6 or 48 hr, rats were killed with pentobarbital (100 mg/kg, i.p.). The posterior lobe vermis was dissected rapidly and homogenized at 4°C in 50 mM Tris buffer, pH 7.5 containing 2 mM EDTA, 1 mM EGTA, 1 mM PMSF, 25 g/ml leupeptin, 50 l/ml aprotinin, and 0.33 M sucrose. Membrane and soluble fractions were separated by centrifugation at 100,000 g for 30 min. Membrane and soluble fractions were normalized for protein content and added to a 200 mM TRIS buffer containing 4% SDS, 40% glycerol, 4% ␤-mercaptoethanol, and 0.004% bromphenol blue. The samples were boiled for 10 min at 90°C and cooled to room temperature. Membrane and cytosolic fractions were then loaded in proportionally equivalent amounts on a 9% SDS-PAGE and transferred to a nitrocellulose membrane. Immunodetection was performed using polyclonal antibodies recognizing PKC C isoforms ␣, ␥, and ␦ (Life Technologies, Gaithersburg, MD), donkey anti-rabbit horseradish peroxidase-coupled secondary antibody (Jackson ImmunoResearch, West Grove, PA), and an enhanced chemiluminescence detection system (Amersham, Arlington Heights, IL or DuPont/NEN, Boston, MA) exposed to radiographic film (Fuji/ Kodak). The intensity of the bands was determined by densitometry. All comparisons are based on these densitometric data.
Immunohistochemical methods. After survival times of 6 hr (sham, n ϭ 8; UL, n ϭ 7 rats), 24 hr (sham, n ϭ 4; UL, n ϭ 4 rats), 48 hr (sham, n ϭ 3; UL, n ϭ 4 rats), or 8 d (sham, n ϭ 3; UL, n ϭ 5 rats), Long-Evans rats were killed with a pentobarbital overdose (100 mg/kg, i.p.) and perfused transcardially with PBS, followed by a paraformaldehyde-lysine-sodium metaperiodate (PLP) fixative (McLean and Nakane, 1974) . The brains were post-fixed for 2-4 d in 30% sucrose, 4% paraformaldehyde, and then sectioned at 40 m on a frozen sliding microtome. Before immunohistochemical processing, the sections were stored at Ϫ20°C in a cryoprotection solution (300 gm sucrose and 300 ml ethylene glycol in PBS quantum satis to 1 l).
After rinsing in PBS, sections were incubated in a blocking solution [2% bovine serum albumin (BSA) and 0.1-0. Open arrows show the unaffected Scarpa's ganglia on both the unoperated (A) and operated (B) sides. The Scarpa's ganglion from the operated side is shown at higher magnification in C. Scale bars: A, B, 500 m; C, 100 m.
polyclonal antibody directed against PKC␣, PKC␥, or PKC␦ (Life Technologies) diluted 1:1000 in PBS containing 0.1-0.4% CHAPS and 2% BSA. For a nonspecific staining control, another set of sections was incubated with a primary rabbit polyclonal antibody directed against PKC (Life Technologies) diluted 1:1000 in PBS containing 0.1-0.4% CHAPS and 2% BSA, which produced no immunohistochemical staining of any cell types in the cerebellum. After rinsing in PBS, the sections were treated for 1 hr at room temperature with a solution containing biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA) diluted 1:250 in a solution of 2% BSA in PBS. The antibodies were then visualized by standard ABC methods (PBS rinse, incubation in Vectastain Elite ABC reagent for 1 hr) and a diaminobenzidine chromogen.
Histological verification of surgical labyrinthectomies. After removal of the brains, the perfusion-fixed temporal bones from the immunohistochemical studies were dissected from the skull, decalcified in 3 mM EDTA-1.35 N HCl and embedded in paraffin. The temporal bones from half of the UL animals were sectioned serially in the horizontal plane. Every tenth paraffin-embedded horizontal section (5-8 m thickness) was stained with hematoxylin and eosin to verify damage to the neuroepithlium of the semicircular canal cristae and otolith organ macula and the sparing of Scarpa's ganglion (Fig. 1) by the surgical procedure.
Analysis of pattern of expression in nodulus Purkinje cells. The nodulus distribution of immunopositive Purkinje cells was analyzed by constructing flat-mount views of the cortical surface from transverse sections. Images of every transverse section were acquired on a 486-based computer equipped with a Matrox IP-8/AT (Matrox Electronics Systems, Ltd., Dorval, Quebec, Canada) video processing board running the Optimas package (Version 4.02, Bioscan, Edmonds, WA) from an Olympus BH-2 microscope equipped with a Cohu CCD video camera. The Optimas image analysis software was used to record the distance along the Purkinje layer from midline of each immunopositive Purkinje cell in each folium from a set of every sixth section. Because climbing fiber inputs and outputs to the vestibular nuclei are ϳ500 m-1 mm wide, histograms of Purkinje cell densities were plotted in 250-m-wide bins to detect banding perpendicular long axis of each folium. Microsoft Excel software was used to generate three-dimensional plots of the cell density data across regions of cerebellar cortex.
Repeated-measures ANOVA was used to test hypotheses regarding regionally specific changes in PKC expression by flocculonodular-lobe Purkinje cells. The dependent variable was the total number of PKC␦-immunopositive nodulus Purkinje cells ipsilateral and contralateral to the operated ear from a set of every sixth section through the cerebellum. For the nodulus, these counts were stratified further by distance from the midline, with separate tabulations for a medial region (0 -0.5 mm from the midline), an intermediate region (0.5-1.5 mm lateral to the midline), and a lateral region (Ͼ1.5 mm lateral to the midline). Repeated-measures ANOVA [two within-group factors: laterality (ipsilateral vs contralateral) and distance from the midline; two between-group factors: treatment (UL vs sham operation) and survival time] and post hoc comparisons were performed with a standard statistical package (SYSTAT, Evanston, IL) on a PC. The analogous strategy for analysis of patterns of flocculus Purkinje cells is described in detail below.
RESULTS
Western immunoblot analyses
Western immunoblot analyses of PKC isoform expression revealed doublet bands at 74 and 76 kDa representing the two phosphorylation states of PKC; representative results for PKC␦ in the cerebellar vermis are shown in Figure 2 . Although individual variations in band density were apparent among sham-operated and unilaterally labyrinthectomized rats, there were no significant differences in either the migration distance or the cytosolic versus membrane-bound components of the PKC isoforms as a function of experimental treatment (UL vs sham operation) or survival time (6 or 48 hr). This finding indicates that there is no systematic change in phosphorylation state or significant post-translational modification of PKCs subsequent to UL. The data did suggest, however, a wide range in baseline PKC expression in the cerebella of both sham and operated rats. Thus, we suggest that (1) immunohistochemical reactions are recognizing the same proteins in UL and sham-operated rats, and (2) Western blots are consistent with a wide inter-animal variation in the total PKC expression in the cerebellum of the Long-Evans rat.
PKC immunoreactivity in cerebellar cortex
The cellular distribution of PKC immunoreactive cells in the cerebellum was generally consistent with previous reports on Sprague Dawley rats (Chen and Hillman, 1993) . The reaction product for PKC␦ was distributed homogeneously within the somata and dendrites of many Purkinje cells (Fig. 3A-C) , and in the somata of band-like groups of presumptive interneurons in the molecular layer ( Fig. 3 A, B, open arrows) ; the absence of PKC␦-reactive Purkinje cells in the rostral-most folia of the anterior lobe (Chen and Hillman, 1993) was also confirmed. The distribution of immunoreactivity for PKC␣ was inhomogeneous within Purkinje cells and some molecular layer interneurons, consisting of a relatively dense perinuclear reaction and lighter somatodendritic immunoreactivity (Fig. 3D ). The immunoreactivity for PKC␣, -␥, and -␦ rarely exceeded background levels in granule cells. The antibody directed against PKC produced no immunoreactivity in the cerebellum, which served as a control for nonspecific staining by the secondary antibody, avidin-peroxidase conjugate, and diaminobenzidine chromogen.
Nodulus/uvula
Purkinje cells with immunopositive reactions for PKC␣, -␦, and -␥ isoforms were distributed symmetrically in the flocculonodular lobe of sham-operated rats. Examples of the distribution of PKC␦ immunopositive cells are illustrated for the nodulus (Fig. 4) and flocculus (Fig. 8 ) from rats 6 hr after sham operations. For the sham-operated group, ANOVA of the total number of PKCpositive nodulus Purkinje cells ipsilateral and contralateral to the operated ear revealed no significant effect of either survival time (F (3,14) ϭ 0.732; p Ͼ 0.05), laterality (ipsilateral or contralateral to the operation, F (1, 14) ϭ 3.248; p Ͼ 0.05), or the interaction between these factors (F (3,14) ϭ 1.606; p Ͼ 0.05). These analyses indicate that PKC-positive Purkinje cells were distributed symmetrically in the nodulus across survival times (6 hr-8 d) in sham-operated rats.
By contrast, there was a distinct, asymmetric distribution of Purkinje cells expressing the three PKC isoforms across cerebellar lobules Xa (nodulus) and IXc (uvula) within 6 hr after UL (Fig. 4 illustrates results for PKC␦). This result is represented quantitatively in Figure 5 , which compares the patterns of PKC␦-immunoreactive Purkinje cells on flattened surface maps of the Purkinje layer from cerebellar lobules VIII-X. The distribution of PKC␣, PKC␥-, and PKC-␦-positive Purkinje cells was identical in all UL animals. It was noteworthy that, as suggested by the Western blot analyses, there were inter-animal variations in the total number of PKC-immunopositive Purkinje cells in the nodulus (caudal lobule Xb-lobule Xa) of both sham and UL rats. Repeated-measures ANOVA [within-subjects factors: laterality (ipsilateral or contralateral to operation) and distance of PKC␦-immunopositive Purkinje cells from the midline (0 -0.5 mm, Ͼ0.5-1.5 mm, Ͼ1.5 mm); between-subjects factors: treatment (UL or sham) and survival time (6, 24, and 48 hr, and 8 d)] and Newman-Keuls tests (Winer, 1971) (1) There is a transient asymmetry in nodulus PKC expression within 6 hr of UL. Analysis of the total number of immunopositive Purkinje cells ipsilateral and contralateral to the operated ear revealed a significant two-way interaction effect for laterality ϫ survival time (F (3,30) ϭ 4.142; p Ͻ 0.05) and a significant three-way interaction for laterality ϫ survival time ϫ operation type (F (3,30) ϭ 7.956; p Ͻ 0.01). These significant interaction effects can be attributed strictly to the 6 hr survival time, which displayed a highly significant main effect for laterality (F (1,13) ϭ 13.352; p Ͻ 0.01) and laterality ϫ operation-type interaction effect (F (1,13) ϭ 16.203; p Ͻ 0.01); no significant effects were present for either 24 or 48 hr, or 8 d survival groups. Newman-Keuls tests of the data from the 6 hr survival groups demonstrated that these significant interaction effects reflected a significant increase in the number of immunopositive cells contralateral to the lesion ( p Ͻ 0.01) versus the side ipsilateral to the lesion and both sides of the shamoperated controls.
(2) The transient asymmetry in nodulus PKC expression within 6 hr of UL is restricted to an intermedate zone 0.5-1.5 mm lateral to the midline. ANOVA of the Purkinje cell distribution by sagittal zone indicated that significant changes in the symmetry of Purkinje cell PKC expression were restricted to an intermediate zone (between 0.5 and 1.5 mm from the midline) of the nodulus. Significant two-way laterality ϫ survival time (F (3,30) ϭ 2.977; p Ͻ 0.05) and three-way laterality ϫ survival time ϫ operation type (F (3,30) ϭ 9.267; p Ͻ 0.01) were present only for the Purkinje cells in this intermediate region (Fig. 6) ; these interaction effects were not significant for the distribution of immunopositive Purkinje cells in either medial (0 -0.5 mm from the midline) or lateral (Ͼ1.5 mm from the midline) nodulus zones (Fig. 7) . When the data from each survival time were analyzed separately, only the intermediate zone (0.5-1.5 mm lateral to the midline) from the 6 hr survival groups revealed either a significant main effect of laterality (F (1,13) ϭ 10.896; p Ͻ 0.01) and a significant laterality ϫ operation-type interaction effect (F (1,13) ϭ 18.622; p Ͻ 0.01). These effects were absent for other survival times and other nodulus zones.
(3) The change in nodulus intermediate-zone PKC expression reflects a transient increase in the number of immunopositive Purkinje cells contralateral to the lesion within 6 hr of UL. Newman-Keuls comparisons of the cell counts in the intermediate zone in the 6 hr UL and sham groups indicated that three findings produced the significant interaction effects in ANOVA. First, there was no significant difference between the two sides of the sham-operated animals. Second, there was a highly significant increase in the number of PKC-positive neurons contralateral to the UL, compared with either the side ipsilateral to the UL or with either side of the sham-operated animals ( p Ͻ 0.01). Finally, there was no significant difference between the number of PKCpositive Purkinje cells on the side ipsilateral to the UL and either side of the sham-operated group. As described above, the symmetric distribution was restored within 24 hr of UL.
A second zonal effect on PKC expression was observed symmetrically in the lateral zone (Ͼ1.5 mm from the midline) of the nodulus (Fig. 7) . ANOVA revealed a significant effect of survival time on the number of immunopositive Purkinje cells in this region (F (3,30) ϭ 4.602; p Ͻ 0.01), which reflected a parallel, symmetric increase in expression in both the UL and shamoperated 8 d survival groups. Because it was identical in both sham-operated control and UL rats, this regional increase in expression is likely to reflect features of recovery from surgical trauma (and anesthesia) that are unrelated to vestibular compensation.
Flocculus
Within 6 hr after UL, a characteristic asymmetric distribution of PKC␣, -␦, and -␥ expression was observed in the ipsilateral and contralateral cerebellar flocculus. The distribution of immunoreactive flocculus Purkinje cells after UL was virtually identical for the three PKC isoforms examined. Figure 8 compares the distribution of PKC␦ in transverse sections through the middle of the ipsilateral and contralateral flocculi of 6 hr sham-operated and UL rats. Figure 9 shows the distribution of PKC␥-immunoreactive Purkinje cell somata in a series of transverse sections through the ipsilateral and contralateral flocculi of a 6 hr UL rat. In the sham-operated rats (Fig. 8) , immunoreactive Purkinje cells were distributed symmetrically in the ipsilateral and contralateral flocculi, where they spanned the dorsal surface of the flocculus and the medial third of the ventral surface. By contrast, immunoreactive Purkinje cells were distributed asymmetrically in the ipsilateral and contralateral flocculi within 6 hr of UL in patterns that differed from the sham-operated rats. Both the intensity of immunoreactivity and the number of immunopositive Purkinje cells were greater qualitatively on the side contralateral to the labyrinthectomy (Fig. 9) . Repeated-measures ANOVA confirmed that there is a statistically significant, transient increase in the number of PKC-immunoreactive Purkinje cells (PKC␦) in the flocculus contralateral to the unilateral labyrinthectomy, and that there were no concurrent changes in the number of PKCimmunopositive Purkinje cells in either the flocculus of the shamoperated rats or the ventral paraflocculus (Fig. 10) . The results of these analyses are summarized as follows.
(1) There is a transient asymmetry in flocculus PKC expression 6 hr after UL. Analysis of the total number of immunopositive Purkinje cells ipsilateral and contralateral to the operated ear revealed a significant two-way interaction effect for laterality ϫ survival time (F (2,18) ϭ 3.92; p Ͻ 0.05) and a significant three-way interaction for laterality ϫ survival time ϫ operation type (F (2,18) ϭ 3.597; p Ͻ 0.05). These significant interaction effects can be attributed strictly to the 6 hr survival groups, in which analyses of the UL and sham-operated groups displayed a highly significant main effect for laterality (F (1,9) ϭ 13.07; p Ͻ 0.01) and laterality ϫ operation-type interaction effect (F (1,9) ϭ 21.21; p Ͻ 0.01); no significant effects were present for either 24 or 48 hr survival groups. Newman-Keuls tests (based on the mean squared error term for the interaction effects; Winer, 1971) demonstrated that these significant interaction effects in the 6 hr UL group reflected a significant increase in the number of immunopositive cells contralateral to the lesion ( p Ͻ 0.01) versus the side ipsilateral to the lesion and both sides of the sham-operated controls; there was no significant difference among the latter three regions.
(2) There were no significant differences as a function of either laterality or operation type at other survival times.
(3) No significant effects of laterality, operation type, or survival time were present in the ventral paraflocculus.
Both qualitative observations (Figs. 8,9 ) and quantitative analyses (Fig. 11) indicated that the transient changes in flocculus PKC expression were not distributed uniformly within the flocculus. On the side ipsilateral to the lesion, the distribution of PKC-positive Purkinje cell somata on the ventral surface of the flocculus was virtually identical to that of the sham-operated rats, occupying a band along the ventromedial margin of the flocculus (b1). In contrast to the continuous distribution of PKC-positive Purkinje cells on the dorsal and lateral aspects of the flocculus in the sham-operated animals, however, the UL animals displayed two bands of labeled Purkinje cells in the ipsilateral flocculus, one along the lateral crest of the flocculus (b2), and the other along its border with the ventral paraflocculus (b3). These bands seemed to merge on the dorsal surface of the rostral pole of the flocculus. The contralateral flocculus in the UL rats, however, also displayed immunoreactive Purkinje cells over a broader area of the flocculus, including both the regions designated b1 and b2 on the ipsilateral side, and including most of the area between b1 and b2 and between b2 and the lateral margin of b3. By contrast, the region labeled b3 on the ipsilateral side contained only a sparse population of immunoreactive Purkinje cells contralaterally. The identical pattern appeared for PKC␦, -␥, and -␣. Within 24 hr after surgical procedures, no differences were detected in the symmetric distributions of PKC-positive Purkinje cells in flocculi of sham-operated and UL rats.
These qualitative observations were confirmed by quantitative analyses. On the basis of the zonal organization of olivoflocculus projections described by Ruigrok et al. (1992) , the flocculus and ventral paraflocculus were divided into three rostrocaudal regions: (1) caudal (25%), which receives climbing fiber input predominantly from the rostral pole of the medial accessory olive and the ventrolateral outgrowth of the principal olive; (2) rostral (25%), which receives climbing fiber input predominantly from the ventrolateral outgrowth and ventral leaf of the principal olive (with a small contribution at the rostral pole of the flocculus from the dorsal cap); and (3) the intermediate flocculus (central 50%), which receives climbing fiber inputs predominantly from the dorsal cap (with a projection from the ventral leaf of the principal olive to the lateral aspect of the ventral paraflocculus). Transverse sections at each level were then divided into eight regions for further analysis: (1) (Fig. 11) .
(1) The asymmetry in the number of PKC-immunopositive flocculus Purkinje cells 6 hr of UL is not distributed uniformly within the Purkinje cell layer. ANOVA of the number of immu- noreactive Purkinje cells in each flocculus region (regions 1-6 above) from the 6 hr labyrinthectomy and sham-operated groups revealed a significant main effect of laterality (F (1,5) ϭ 7.08; p Ͻ 0.05) and three significant interaction effects that suggest that effects vary as a function of the operation type, rostrocaudal level, and region within each level: (a) laterality ϫ operation-type interaction (F (1,5) ϭ 8.471; p Ͻ 0.05), which indicates that the laterality effect varies with operation type; (b) rostrocaudal level ϫ region interaction effect (F (8,40) ϭ 2.9, p Ͻ 0.05), which indicates that the the number of immunopositive Purkinje cells in each region varies with the rostrocaudal level of the sections; (c) laterality ϫ operation type ϫ rostrocaudal level ϫ region interaction (F (8,40) ϭ 2.49; p Ͻ 0.05), which is consistent with laterality effects restricted to particular operation type, rostrocaudal levels, and regions of the flocculus.
(2) The asymmetry in PKC expression appeared only at intermediate levels of the flocculus. Repeated-measures ANOVA for data from each rostrocaudal level revealed that only intermediate levels of the flocculus displayed either a significant main effect of laterality (F (1,9) ϭ 15.98; p Ͻ 0.01) or a significant laterality ϫ operation-type interaction effect (F (1,9) ϭ 9.67; p Ͻ 0.05). These results reflected two findings at intermediate levels of the flocculus: a highly significant elevation in the number of immunoreactive Purkinje cells contralateral to the operated ear in the unilateral labyrinthectomy group (F (1,5) ϭ 28.6; p Ͻ 0.01) and no significant asymmetry in the distribution of immunopositive Purkinje cells in the sham-operated group (F (1,4) ϭ 0.35; NS) .
(3) The asymmetric distribution PKC-immunopositive Purkinje cells at intermediate levels of the flocculus was transient in UL rats. Separate analyses were used for data at each survival time to test the hypothesis that the asymmetric distribution of PKCpositive Purkinje cells at intermediate flocculus levels in UL rats was restricted to the 6 hr group. Repeated-measures ANOVA of data from rats 24 and 48 hr after the operation showed no significant main effects of either the type of operation (UL or sham) or laterality (ipsilateral or contralateral to the operation). The interaction effect was also not significant at either time.
(4) Six hours after UL, the number of PKC-immunopositive Purkinje cells is increased in a region spanning the ventral surface and intermediate third of the dorsal surface of the flocculus. Repeated-measures ANOVA indicated that the significant laterality effect 6 hr after UL reflected an increase in the number of PKC-immunopositive Purkinje cells along the ventral surface and the intermediate third of the dorsal surface of the flocculus (F (1,5) ϭ 24.10; p Ͻ 0.01), with no significant difference between the ipsilateral and contralateral sides in medial and lateral aspects of the dorsal surface of the flocculus (F (1,5) ϭ 1.43; NS). For further analysis, the former region was termed region 1 and the latter area region 2. In the 6 hr sham-operated group, there were no significant laterality effects in either region 1 (F (1,4) were used as dependent variables to test the hypothesis that the changes in region 1 PKC expression are transient. Repeatedmeasures ANOVA of the region 1 data from both operation types and three survival times revealed a significant main effect of laterality (F (1,18) ϭ 5.799; p Ͻ 0.05), a significant laterality ϫ survival time interaction (F (2,18) ϭ 4.327; p Ͻ 0.05) and a marginal three-way laterality ϫ survival time ϫ operation type (F (3,18) ϭ 3.526; p ϭ 0.051) interaction effect. Two lines of evidence indicated that these effects in region 1 can be attributed to the transient increase in PKC expression contralateral to the lesion in the 6 hr UL group. First, separate analysis of the UL groups revealed a significant main effect of laterality (F (1,10) ϭ 6.39; p Ͻ 0.05) and a significant laterality ϫ survival time interaction effect (F (2,10) ϭ 6.09; p Ͻ 0.05). No significant main effects (laterality, survival time) or interaction effects were observed in parallel analyses of the sham-operated rats. Second, in separate comparisons of the effects of operation type at each survival time, a significant main effect of laterality (F (1,9) ϭ 18.72; p Ͻ 0.01) and laterality ϫ operation-type interaction effect (F (1,9) ϭ 11.80; p Ͻ 0.01) were present in analyses for the 6 hr postoperative groups. No significant main effects (operation type, laterality) or interactions were observed at the other survival times. There were no significant main effects or interaction effects in parallel analyses of region 2.
(6) No significant effects of laterality, operation type, or survival time were present in the ventral paraflocculus at intermediate levels.
Thus labyrinthectomy, and this change reverted to a symmetric distribution within 24 hr after labyrinthectomy. These changes in PKC expression are correlated temporally with early behavioral manifestations of vestibular compensation and changes in electrophysiological and metabolic activity of neurons in central vestibular pathways. Because the time constant for the disappearance of spontaneous nystagmus is 9 hr in UL rats under these experimental conditions (see Materials and Methods), these cerebellar PKC expression changes are concurrent with the period of resolution of spontaneous nystagmus. Electrophysiological and 2-DG utilization evidence indicates that UL results in an immediate asymmetry in activity and glucose consumption in the vestibular nuclei, which resolves to symmetric activity during the first postoperative week (Precht et al., 1966; Llinas and Walton, 1979; Patrickson et al., 1985; Luyten et al., 1986) . Although data on zonal distribution of 2-DG utilization have not been reported, the changes in PKC expression are opposite the pattern of 2-DG utilization during the acute post-UL period (4 -6 hr postoperative): nodulus PKC expression increases and 2-DG uptake decreases contralateral to UL (Patrickson et al., 1985) , whereas PKC expression is reduced and 2-DG uptake increased ipsilateral to the lesion. It is unclear whether the PKC changes are responses to metabolic or activity changes, a cause of these changes, or an unrelated, temporally coincident phenomenon. It is important to note, however, that the demonstration of transient, lateralized changes in Purkinje cell PKC expression implies that both asymmetric and bilaterally symmetric patterns of PKC expression may be produced by a common set of underlying processes.
Changes in PKC expression patterns displayed three features. First, there was a transient increase in the number of PKCimmunopositive Purkinje cells in the intermediate zone of the nodulus and region 1 at intermediate levels of the flocculus on the side contralateral to peripheral vestibular damage within 6 hr of UL. This response reverted to bilateral symmetry (the shamoperated control pattern) within 24 hr after UL. Second, the number and distribution of PKC-immunopositive Purkinje cells were localized to specific regions within the flocculonodular lobe. In addition to the spatially restricted, early increase in PKCimmunopositive Purkinje cells in the contralateral flocculonodular lobe, a symmetric increase in PKC expression was observed in the lateral zone of the nodulus in both UL and sham-operated groups on postoperative day 8. Finally, the transient changes in PKC expression were absent in other cerebellar regions (e.g., ventral paraflocculus, posterior lobe vermis, anterior lobe, and cerebellar hemispheres). Because Purkinje cells do not receive direct, primary vestibular afferents, it is highly unlikely that the 6 hr post-UL effects are a direct response to an injured or degenerating primary afferents.
Several neural mechanisms may potentially contribute to regionally specific, transient changes in Purkinje cell PKC expression during the first 6 hr after UL (Fig. 12) . The prominent parasagittal component of flocculonodular-lobe PKC expression changes suggests the hypothesis that dynamic regulation of Purkinje cell PKC expression is mediated by parasagittal neural circuitry components. Anatomic and physiological evidence has revealed two major parasagittal components of flocculonodular lobe Purkinje cell circuitry: climbing fiber projections and efferent projections from Purkinje cells to the vestibular nuclei (Brodal and Kawamura, 1980; Balaban, 1984 Balaban, , 1988 Ito, 1984) . The relatively rapid, post-UL changes in flocculus PKC expression are centered in the portion of the olivary projection zone termed FE, which receives input from the caudal dorsal cap (Ruigrok et al., 1992) . It is notable that PKC expression changes were absent in the adjacent ventral paraflocculus, which contains the part of zone FE that receives input from the rostral dorsal cap. Anatomical evidence from the rat (Bernard, 1987) and rabbit (Balaban and Henry, 1988; Katayama and Nisimaru, 1988; Tan et al., 1995) suggests that the intermediate part of the nodulus receives climbing fiber input predominantly from the dorsal cap and ventrolateral outgrowth. Dorsal cap neurons are activated by the retinal slip stimulation (Leonard et al., 1988) , implying that early changes in flocculonodular-lobe PKC expression may represent local intracellular responses to changes in climbing fiber activity that reflect spontaneous nystagmus during the initial hours after UL. The asymmetry of the PKC response may reflect monocular, directionally selective visual inputs to caudal dorsal cap neurons, which respond with excitation during temporal-to-nasal horizontal retinal slip stimulation and with inhibition to nasal-to-temporal stimulation of the contralateral eye (Leonard et al., 1988) . Be- Figure 12 . Schematic diagram of neural circuits that may influence PKC expression during vestibular compensation. Two potential substrates for the parasagittal distribution of increased PKC expression in the flocculonodular lobe are (1) an anterograde influence of climbing fiber projections from the dorsal cap and ventrolateral outgrowth and (2) a retrograde influence via zonal projections of Purkinje cells to the vestibular nuclei. A contribution of mossy fiber-granule cell-parallel fiber and monoaminergic projections, however, cannot be excluded.
cause climbing fiber projections are crossed, retinal slip during slow phases of spontaneous nystagmus would produce an excitatory response in caudal dorsal cap climbing fibers within the ipsilateral flocculonodular lobe and an inhibitory response in climbing fibers innervating the contralateral flocculonodular lobe. This line of reasoning implies that PKC upregulation may reflect decreased climbing fiber activity. The potential role of climbing fibers in regulation of PKC expression parallels the apparent transsynaptic regulation of Purkinje cell expression of Ca 2ϩ / calmodulin-dependent cyclic nucleotide phosphodiesterase by climbing fibers (Balaban et al., 1989) .
The second parasagittal component of flocculonodular lobe circuits is defined by zonal efferent projections to the ipsilateral vestibular nuclei. The early PKC changes in the flocculus are centered in a zone that projects to the medial vestibular nucleus (Balaban, 1984; Ito, 1984) , whereas the intermediate nodulus projects to the superior and medial vestibular nuclei (Balaban, 1984; Shojaku et al., 1987) . Electrophysiological studies of medial vestibular nucleus neurons after acute labyrinthectomy have reported reduced resting activity ipsilateral and increased resting activity contralateral to the lesion (for review, Smith and Curthoys, 1989) . A similar pattern of 2-DG uptake has been reported within a few hours of labyrinthine damage, with increased uptake in the contralateral medial vestibular nucleus (Patrickson et al., 1985) and decreased uptake ipsilaterally (Llinas et al., 1979; Patrickson et al., 1985; Luyten et al., 1986) . Given the existence of presynaptic receptors and retrograde transport mechanisms, it is possible that the sagittal distribution of changes in Purkinje cell PKC expression reflects a retrograde influence of vestibular nucleus activity such that elevated activity in the contralateral vestibular nuclei induces an upregulation of PKC expression in presynaptic Purkinje cells. Because the asymmetric changes in PKC expression did not seem to be uniform within an entire parasagittal band in the flocculus or nodulus, however, a contribution of mossy fiber-granule cell-parallel fiber pathways, monoaminergic afferents, or intracerebellar interneurons to these responses cannot be excluded.
It is noteworthy that transient, asymmetric changes in Purkinje cell PKC␣, -␦, and -␥ expression were distributed within sagittal regions of the flocculonodular lobe, a region related to control of vestibulo-ocular reflexes, but were absent in the anterior vermis, a region related to postural control. Previous studies have reported that lesions of the flocculonodular lobe produce spontaneous nystagmus and impair compensation of the symmetry of vestibuloocular reflexes after UL (Llinas and Walton, 1979; Jeannerod et al., 1981; Courjon et al., 1982; Igarashi and Ishikawa, 1985; Smith and Curthoys, 1989) . The location of changes in Purkinje cell PKC expression suggests further that these intracellular signal transduction substrates are regulated within distinct cerebellar circuits that influence vestibular reflexes. For example, the zonal asymmetries in flocculus PKC expression 6 hr after UL suggest an association with a region that receives horizontal retinal slipclimbing fiber input, projects to the medial vestibular nucleus, and modulates horizontal vestibulo-ocular reflexes (Ito, 1985; Leonard et al., 1988) . In the cerebellum, PKC seems to be an important mediator of long-term depression of parallel fiber EPSPs by climbing-fiber activation (Linden and Connor, 1995) . Of particular importance is the observation that PKC activation both depresses parallel fiber EPSPs (Crepel and Krupa, 1988; Boxall et al., 1995) and occludes the production of long-term depression of parallel-fiber EPSPs by climbing fiber activation (Boxall et al., 1995) . Although long-term depression of Purkinje cell responses was reported in mutant mice deficient in PKC␥, the significant reduction in this response by intracellular injections of a PKC inhibitor (Chen et al., 1995) is consistent with a role of multiple PKC isoforms in the induction of long-term depression. The observation of parallel changes in Purkinje cell expression of calcium-sensitive (PKC␣ and -␥) and calcium-insensitive (PKC␦) forms of PKC within 6 hr of labyrinthectomy is consistent with this perspective. Thus, regional changes in Purkinje cell PKC expression may be an early intracellular signal contributing to vestibular compensation. It is suggested that regulation of PKC expression may facilitate synaptic plasticity by adjusting the efficacy of biochemical responses of Purkinje cells to intracellular fluxes in calcium, arachidonic acid, and diacylglycerol during the acute post-UL period.
